Quadruplex nucleic acids -DNA/RNA secondary structures formed in guanine rich sequences -proved to have key roles in the biology of cancers and, as such, in recent years they emerged as promising targets for small molecules. Many reports demonstrated that metal complexes can effectively stabilize quadruplex structures, promoting telomerase inhibition, downregulation of the expression of cancer-related genes and ultimately cancer cell death. Although extensively explored as anticancer agents, studies on the ability of ruthenium arene complexes to interact with quadruplex nucleic acids are surprisingly almost unknown. Herein, we report on the synthesis and characterization of four novel Ru(II) arene complexes with 1,3-dioxoindan-2-carboxamides ligands bearing pendant naphthylgroups designed to bind quadruplexes by both stacking and coordinating interactions. We show how improvements on the hydrolytic stability of such complexes, by substituting the chlorido leaving ligand with pyridine, have a dramatic impact on their interaction with quadruplexes and on their cytotoxicity against ovarian cancer cells.
Introduction
In the last 15 years, there has been considerable interest in new DNA-targeting drugs able to recognize non-canonical motifs called G-quadruplexes (G4s). 1 Such DNA structures are formed in G-rich sequences as a stacked arrangement of guanine tetrads which are connected by loops of varying length. Even though they share the same core structure, G4s exhibit a polymorphic nature. This in turn leads to motifs characterized by unique binding sites for the potentially selective binding of small molecules. Furthermore, G4s are not randomly distributed within the human genome, but are overrepresented in telomeres and in the promoter regions of cancer-related genes, with key roles in their regulation. 2 For these reasons they have become popular biological targets in cancer research, and there might be the chance that G4s will be the protagonists of a new DNA-based targeted therapy era. 1 Currently, there are two fluoroquinolone-based G4-binders which entered clinical trials as G4-targeting anticancer drug candidates. 1 Complexes of different metals (e.g. Pt, Ni, Au) can effectively interact with G4 structures. [3] [4] [5] Many of these compounds have also been tested against cancer cell lines both as potential drugs and/or probes. In contrast, reports on ruthenium-based compounds capable of binding (selectively) to G4s are only starting to emerge. This is somehow surprising considering that Ru complexes such as NAMI-A and IT-139 (formerly NKP-1339) have been considered as promising metal-based alternatives to clinically used Pt drugs. [6] [7] [8] [9] The rutheniumbased G4 binders reported so far are mostly substitutionally inert polypyridyl complexes where one of the N,N-ligands has an extended aromatic moiety which allows for partial stacking with the G4 tetrads. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Although extensively explored as anticancer agents, [20] [21] [22] only one family of Ru-arene complexes has been designed and investigated as G4-binding drugs to the best of our knowledge. Liu and Mei developed Ru(II)-arene complexes bearing phenanthroimidazole ligands which proved to stabilize the quadruplex formed in c-Myc oncogene via a groove binding mechanism and to inhibit the proliferation, migration, and invasion of breast cancer cells. [23] [24] [25] Overall, the † Electronic supplementary information (ESI) available. CCDC 1870492-1870494.
For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/c9dt02078k a scarce use of Ru-based scaffolds for G4-binding can principally be ascribed to the preferred octahedral or piano-stool geometries, which are not ideal for stacking on top of the guanine tetrads of the G4 structure.
In recent years, we developed different classes of metalbased compounds to selectively target G-quadruplexes, including Ni(II) salen-type derivatives, 26 Pt(II) supramolecular coordination complexes, 27, 28 and Ru(II) N-heterocyclic carbenes. 29, 30 The aim of this article is to explore a new strategy for the design of Ru-arene complexes possessing distinct G4 binding abilities that can positively affect their anticancer activity. This approach could pave the way for utilizing this promising class of compounds and their structural versatility for G-quadruplex targeting purposes.
In this work, we present the synthesis of four novel halfsandwich Ru(II) complexes attached to the 1,3-dioxoindan-2-carboxamide ligand scaffold bearing a pendant naphthylgroup. O,O-Dioxoindane-based ligands were selected among our toolkit of ligands since they show important biological activity via topoisomerase inhibition when coordinated to the organometallic Ru(II) cym (cym = p-cymene) moiety. 31 Herein,
we modified the dioxoindane scaffold with alkyl linkers (of different length) attached to a pendant naphthyl group able to π-stack on top of the G-quadruplex tetrads, thereby conferring G4 binding activity to the final compounds. Furthermore, we explored the effect of substituting the chlorido leaving ligand with pyridine, which has been shown to significantly increase hydrolytic stability. [32] [33] [34] [35] [36] This approach was adopted considering that the interplay between stability and dynamic behavior (ligand release via hydrolysis) is assumed to be a key step in the activation of most organometallic Ru(II) complexes. 6, 9, 20 We consequently investigated the ability of the resulting compounds to bind G4 motifs in vitro through spectroscopy and high resolution mass spectrometry and evaluated their anti-proliferative activity against ovarian cancer cells. Overall, we have found that small improvements in the hydrolytic stability of the Ru scaffold by pyridine coordination led to dramatic enhancements in both G4 binding properties and cytotoxicity.
Results and discussion

Synthesis and X-ray crystal structures
Ru complexes 1a-b and 2a-b were prepared via a 5-step synthetic route summarized in Fig. 1 . Commercially available 2-hydroxy-1,4-naphtoquinone (Lawsone) was converted to 2-oxido-3-phenyl-iodonio-1,4-naphthoquinone which served as a precursor for both ligands. The precursor, which undergoes a Wolff-type rearrangement to yield a (ring-contracted) ketocarbene intermediate, was then treated with the respective primary amine yielding the N-substituted 1,3-dioxoindan-2-carboxamides L1 and L2. Complexes were obtained by deprotonation of the respective ligand and subsequent reaction with the dimeric ruthenium species bis[dichlorido(cymene)ruthenium(II)]. In order to replace the leaving group by pyridine, the chlorido ligand was abstracted by AgNO 3 , followed by addition of pyridine and NaClO 4 . As the formed Ru-N bond could be cleaved under prolonged light irradiation, the last step of the reaction was performed under exclusion of light.
Complexes 1a and 2a were designed as multivalent G-quadruplex binders since they bear both a naphthyl moiety able to stack on top of the guanine tetrads as well as an exchangeable ligand directly coordinated to the ruthenium center, thereby providing a binding site for a guanine nitrogen (typically N7) after aquation of the metal center. Pyridine derivatives 1b and 2b were specifically designed to increase water solubility and to evaluate the role of the N-donor aromatic ligand on the G4 binding ability and the impact on the cytotoxicity of the complexes.
All the synthesized compounds were characterized by standard spectroscopic and analytical methods confirming the formation and purity of the desired complexes (see for instance two intense peaks centered at 273 and 264 nm, respectively. Chlorido complexes 1a and 2a retain the broad band at about 400 nm but lack the narrow multi-peaked bands at lower wavelengths, exhibiting a single broad band at 277 nm. The same trend is followed by the pyridine complexes 1b and 2b, which, besides the band at 400 nm, show an additional band with two maxima at about 275 and 250 nm, respectively. Single crystals suitable for X-ray diffraction studies were obtained for 1a, 2a and 1b and the molecular structures are shown in Fig. 2 while selected bond lengths and angles are given in Table 1 .
The synthesized complexes share similar structural features and adopt the typical three-legged piano-stool geometry commonly encountered in Ru(II) arene structures, with the Ru atom π-bonded to the p-cymene ligand, the anionic O,O-chelating 1,3-dioxoindan-2-carboxamide ligands coordinated in a bidentate fashion and the chlorido (1a and 2a) or the pyridine (1b) leaving groups completing the piano-stool configuration. The observed bond lengths are in good agreement with similar previously reported half-sandwich ruthenium complexes. 31 Stability in solution and interaction with G-quadruplex structures by FRET Before testing their G-quadruplex stabilizing capability, we checked the stability in solution of the synthesized metalbased compounds. Time dependent 1 H-NMR spectra of 1a and 1b, selected as examples of chlorido and pyridine derivatives, respectively, showed that the compounds were stable after 24 h in DMSO and CH 3 CN, which were the solvents used for stock solutions (see Fig. S6 -S9 †). This control experiment was necessary in order to exclude possible ligand exchange of the complexes, like observed previously for other Ru-arene compounds in DMSO. 37 Concerning the stability in aqueous solution, complexes 1a-b and 2a-b were stable in MES buffer at pH 6 (see UV-Vis and 1 H-NMR spectra in Fig. S10 -S12 †). On the other hand, the same compounds showed reduced stability at higher pH values (Tris-HCl buffer supplemented with KCl, pH 7.8), with the pyridine derivatives being more stable towards ligand loss than the chlorido analogues (see timedependent UV-Vis spectra in Fig. S13 †) . In particular, 1a readily dissociated ligand L1 upon dissolution, whereas 1b under the same conditions released L1 after 3 hours, indicating that coordination of a pyridine stabilized the binding of the 1,3-dioxoindan-2-carboxamides L1 and to the Ru center ( Fig. S13 †) . G4 stabilization studies by FRET were carried out at pH 7.2, using potassium cacodylate 60 mM as buffer. MES and Tris-HCl buffers were not used since their pK a values change significantly with temperature, while cacodylate buffer does not suffer from this issue. 38 Besides, fluorescent dyes used for the labeling of
ODNs are protonated and quenched at acidic pH (e.g. in MES). For the FRET assay, we incubated the metal compounds and the corresponding ligands with selected oligonucleotides (ODNs, see sequences in Table S8 †) folded as G4s (from telomeric DNA and oncogene promoters) or duplex DNA. As shown by the ΔT 1/2 values reported in Table 2 , ligands L1 and L2 have a detrimental effect on G4 stability, decreasing the melting temperature of the ODNs in all studied cases. The chloride derivatives 1a and 2a do not exert any significant stabilization effect, except for 2a stabilizing only the B-DNA model ODN dsDNA. Interestingly, the pyridine derivatives 1b and 2b are the only ones which strongly affect the melting temperature of the selected ODNs, showing a preference for G4 models, in particular for the G4 formed in the promoter of the c-Kit gene. 
88.587 90.072 90.065 Tables S2-S7 . †
Next, we performed a series of control experiments to better rationalize this behavior and understand the effect of ligand hydrolysis on the G4-stablilization of 1b and 2b. We treated the ODNs with complex 3 used as control (Fig. 3A) and in combination with ligands L1 and L2 as they are the constituents of compounds 1b and 2b, respectively. Remarkably, incubation of the ODNs with these combinations did not result in such a strong effect as observed for 1b and 2b, demonstrating that all the structural components of the complexes were needed to exert a distinct G4 stabilization (Table 2 and Fig. 3B) .
Additionally, when we used a shorter incubation time (1 h), we observed an overall increase of the ODNs melting temperature ( Fig. 3C and Table S9 †). In this case, besides 1b and 2b, also the chlorido complexes 1a and 2a exhibited G4 stabilization, indicating that within this time window significant amounts of these compounds were still in their original form (i.e. not hydrolyzed). Furthermore, with the shorter incubation time of 1 h, the selectivity toward G4 over duplex DNA of compounds 1b and 2b increased significantly. Even though the exact fraction of stable compounds interacting with the selected G4s is not known, the ΔT 1/2 values obtained in the described different conditions are strongly indicative of the importance of the complexes stability for the G4 stabilization.
Interaction with 9-ethylguanine and G4s by mass spectrometry
Incubation experiments (2 h in H 2 O, 20% MeOH) of 1a and 1b with 9-ethylguanine (9-EtG) followed by mass analyses demonstrated that both complexes are able to coordinate guanines at the N7 position ( Fig. S15 and S16 †) . Further time-dependent experiments indicated a relatively fast exchange (within 30 min) between the pyridine of complex 1b and the nucleobase (Fig. S17 †) .
We then used ESI-TOF mass spectrometry to evaluate the binding of 1a and 1b to two selected G-rich sequences, hTelo and c-Kit1 respectively. The two G4s contain stacks of three G-quartets and retain monovalent potassium ions in their folded structure (see 3D models of hTelo and c-Kit1 in Fig. 4A and B). 40, 41 Since non-volatile potassium salts are not compatible with their use in buffers for ESI mass spectrometry, we used ammonium acetate instead to ensure G4 formation, like previously reported. 42 Mass spectra of the free G4s exhibited ions mainly in the charge states of −5 and −4. In each charge state, there were three peaks corresponding to the free oligodeoxynucleotide, one NH 4 + ion adduct, and two NH 4 + ions adduct ( Fig. 4C and D) . After 1 h incubation of our compounds with the two G4s, we observed low-intensity peaks corresponding to 1 : 1 adducts (and their fragments) with 1a and 1b upon loss of chloride or pyridine, respectively (Fig. S18-S22 †) .
Furthermore, we focused our attention to the G4 ammonium adduct distribution after incubation with 1a and 1b. At first, we compared the relative intensity of the ESI-MS peaks distribution of NH 4 + adducts for the 5-charge of hTelo
and c-Kit1 −5 with the one of their complexes (or their fragments) with 1a and 1b (Fig. S23 †) . For both G-quadruplexes, an intensity decrease of the peak corresponding to the ammonium free ODN occurred in the spectra of the adducts with 1a and 1b, indicating a lower tendency by the G4 to release NH 4 + ions, hence a general stabilizing effect. 43 Nevertheless, considering that the peaks corresponding to 1a/1b-G4 adducts have low intensity and, especially in the case of c-Kit1, different adduct fragments are present (see Fig. S20 †) , we also compared the ammonium distribution of free hTelo 5− and c-Kit1 5− , before and after the interaction with our complexes. In this case, addition of 1a/1b to hTelo G4 (Fig. 4C ) led only to a minor shift in ammonium adduct distribution with the peak corresponding to hTelo 5− with one and two associated ammonium becoming slightly less abundant compared to the free G4. This could indicate a minor destabilization of the G4 structure with a small release of monovalent ions after the interaction with 1a and 1b. 43 On the other hand, the interaction with c-Kit1 −5 confirmed the stabilization effect ( Fig. 4D ): upon addition of 1a/b, the relative abundance of cKit1 5− with one or two coordinated ammonium ions clearly increased, indicating improved stability of the G4 structure. In other words, c-Kit1 5− , once bound to the metal compounds, held NH 4 + ions between the G-tetrads more tightly than the free G4 when introduced into the gas phase. 43 The observed stabilizing effect was stronger for compound 1b than for 1a.
The hTelo sequence contains no free guanines besides those participating in the G4 fold (Fig. 4A) , 44 whereas c-Kit1
features three non-stacked guanines (Fig. 4B) , making them potentially accessible for easier ruthenation. In both MS experiments and FRET studies, c-Kit1 displays enhanced stabilization of the G4 fold by the pyridine derivative 1b as compared to hTelo, thus suggesting that the presence of unpaired guanines in the c-Kit1 DNA motif enables a dual binding mode, allowing for N7 ruthenation besides the stacking action of the naphthyl moiety. Incubation experiments with 9-EtG and with the selected G4 models clearly indicated that both compounds 1a and 1b coordinate the N7 of guanines and simultaneously bind the G4s tetrad via stacking of the naphthyl group. The increased stability of 1b toward ligand exchange is key for the success of this dual mode of binding in our experimental conditions. 
Cytotoxicity
We then tested the cytotoxic activity of 1a-b and 2a-b and their respective ligands against the ovarian cancer cell line A2780 (Fig. 5) . The trends observed in cell-free experiments presented above have been surprisingly mirrored in cell culture. Complexes 1b and 2b were the most active compounds displaying IC 50 values in the low micromolar range (Table 3) , which can be explained by the increased stability of the pyridine derivatives while the chlorido complexes decompose faster under these conditions. As a matter of fact, neither the ligands or the chlorido complexes, nor the equimolar combination of the free ligands with the control complex 3 reached the activity of compounds 1b and 2b.
Considering that the cell viability is measured 72 h after drug exposure, it is worth pointing out that the main action of this class of compounds is most likely exerted during the first hours of exposure. This is consistent with the high activity of compounds 1b and 2b which proved to be the most stable among the synthesized molecules.
Conclusions
In summary, four novel Ru(II) arene complexes (two chlorido and two pyridine derivatives, respectively) with two 1,3-dioxoindan-2-carboxamides bearing naphthyl-groups separated by a spacer of different lengths have been synthesized and characterized, including the X-ray structure for three of the metal compounds. We proved through FRET and mass spectrometry that designing ruthenium arene compounds with the ability to stack on top of guanine tetrads and simultaneously bind free guanines is a viable strategy to obtain fairly good G4 binders. Besides, we showed that the G4 binding activity of these complexes correlates well with low-micromolar cytotoxicity towards ovarian cancer cells, unambiguously demonstrating that the whole complex is necessary for such events to occur, while neither the free ligands nor the combination of the ligands with the Ru(II)-arene pyridine fragment 3 were able to stabilize G4 folds or kill cancer cells to the same extent.
This study is a first step toward the design of new metalloarene compounds with enhanced G4 binding activity. Currently, further studies carried out in our laboratory seek to replace the O,O-coordination motif with different donor atoms to evaluate the effect of an improved overall stability of the Ruarene scaffold on G4 binding ability and correlated anticancer activity.
Materials and methods
General
All solvents were purchased from commercial sources and distilled prior use. Chloroform was dried over molecular sieves (3 Å) before use. All chemicals were purchased and used without further purification. Sodium perchlorate monohydrate (99.99%, Aldrich) was dried at 160°C in vacuo prior to use. 2-Oxido-phenyliodonio-1,4-naphthoquinone was synthesized as described elsewhere. 31 MilliQ water was used to prepare buffers and pH was measured using a Mettler Toledo pH meter. All oligonucleotides were purchased from IDT (Integrated DNA Technologies) in HPLC purity grade. The FRET probes used were FAM (6-carboxyfluorescein) and TAMRA (6-carboxy-tetramethylrhodamine).
Melting points were determined with a Büchi Melting Point M-560. The solubility was determined by dissolving the com- 47 Platon for symmetry check. 48 Experimental data and CCDC-codes (available online at http://www.ccdc.cam.ac.uk/conts/retrieving.html) can be found in Table S1 . † Crystal data, data collection parameters, and structure refinement details are given in Tables S2-S7 
After stirring a solution of sodium methoxide (12.6 mg, 234 µmol, 1.1 eq.) and L1 (70 mg, 213 µmol, 1 eq.) in MeOH/ DCM (10 mL, 5 : 1) for an hour at r.t., bis[dichlorido(cym) ruthenium(II)] (58.7 mg, 96 µmol, 0.9 eq.) was added and the mixture stirred for 22 h. The solvent was removed and residue dissolved in DCM, the resulting suspension was filtered and concentrated. The product was precipitated from DCM/n-hexane and dried in vacuo (72%, 83 mg, brown powder): m.p. >206°C (decomp.); solubility 0.066 mg mL −1 ≡ 
After stirring a solution of sodium methoxide (13.2 mg, 240 µmol, 1.1 eq.) and L2 (75 mg, 219 µmol, 1 eq.) in MeOH/ DCM (10 mL, 5 : 1), for an hour at r.t., bis[dichlorido(cym) ruthenium(II)] (60.2 mg, 98 µmol, 0.9 eq.) was added and the mixture stirred for 22 h. The solvent was removed and residue dissolved in DCM, the resulting suspension was filtered and concentrated. The product was precipitated from DCM/ n-hexane and dried in vacuo. (75%, 90 mg, brown powder) [(κN-Pyridine)((1,3-dioxo-κO1-1H-inden-2(3H)-ylidene)(2-(1-naphthyl)ethylamino)methanolato-κO2)](p-cymene)ruthenium(II) perchlorate (2b). After a solution of silver nitrate (19.8 mg, 114 µmol, 1.4 eq.) and 2a (50.5 mg, 82 µmol, 1 eq.) in THF (2 mL) was stirred for 1 h 45 min, pyridine (7.9 µL, 98 µmol, 1.2 eq.) was added and the reaction mixture subsequently protected from light. After stirring for another 1 h 45 min, NaClO 4 (13.4 mg, 106 µmol, 1.3 eq.) was added. The reaction mixture was stirred 1 h 30 min before removal of the solvent. The residue was dissolved in DCM, the resulting solution was filtered and concentrated. The product was precipitated from DCM/n-hexane and dried in vacuo. 
UV-Vis
UV-Vis absorption spectra were recorded on a PerkinElmer LAMBDA 35 double beam spectrophotometer, equipped with a Peltier temperature controller. Measurements were carried out at 25°C using 1 cm path-length quartz cuvettes. Compounds were dissolved in acetonitrile and diluted in the respective working buffer to the desired concentration, with the final content of acetonitrile kept below 1%. Lambert-Beer extinction coefficients were determined in 2 mM MES buffer at pH = 6 by adding compound stock in acetonitrile in small increments.
FRET
FRET experiments were performed in 96-well plates and run on an Applied Biosystems® 7500 Real-Time PCR cycler equipped with a FAM filter (λ exc = 492 nm; λ em = 516 nm). The lyophilized strands were first diluted in MilliQ water to obtain 100 μM stock solutions. These were diluted to a concentration of 400 nM in 60 mM potassium cacodylate buffer ( pH 7.4) and then annealed to form G4 structures by heating to 95°C for 5 min, followed by slowly cooling to room temperature overnight. Experiments were carried out in a 96-well plate with a total volume of 30 μL. Final concentration of the oligonucleotides was 200 nM. All compounds were previously dissolved in DMSO or ACN to give 1 mM stock solutions. These were further diluted using 60 mM potassium cacodylate and added to obtain the final concentration (with a total percentage of DMSO or ACN ≤ 0.8%). Ramp temperature program was set with a stepwise increase of 1°C every 30 s starting from 25°C to reach 95°C, and measurements were acquired after each step. To compare different sets of data, FAM emission data were normalized (0 to 1). 49 T 1/2 is defined as the temperature at which the normalized emission is 0.5. Measurements were made in duplicate. Analysis and plotting of the data were carried out using Origin 9.5 (OriginLab Corp.)
